The ubiquitously expressed Na/H exchanger isoform 1 (NHE1) functions as a major intracellular pH (pH i ) regulatory mechanism in many cell types, and in some tissues its activity may contribute to ischemic injury. In the present study, cortical astrocyte cultures from wild type (NHE1 +/+ ) and NHE1-deficient (NHE1 
INTRODUCTION
The plasma membrane protein NHE1 is ubiquitously expressed in mammalian tissues (Counillon and Pouysségur 2000; Orlowski and Grinstein 1997) . Under physiological conditions, NHE1 plays an important role in pH i and volume regulation in most cells (Putney et al. 2002) . To date, eight NHE isoforms (NHE1-NHE8) have been identified (Counillon and Pouyssegur 2000; Goyal et al. 2003; Numata and Orlowski 2001; Orlowski and Grinstein 1997) .
In contrast to the plasma membrane localization of NHE1-5, NHE6 and NHE7 are expressed in endosomes and trans-Golgi network, respectively (Brett et al. 2002; Numata and Orlowski 2001) . Although NHE8 is more closely related to the organellar NHEs, it has been localized to brush border membranes of the renal proximal tubule (Goyal et al. 2003) . In situ hybridization analysis revealed that NHE1 is by far the most abundant of all plasma membrane NHEs in the rat central nervous system (CNS, Ma and Haddad 1997) .
Pharmacological approaches have been used to elucidate the role of NHEs in astrocyte pH i regulation. In HCO 3 --free buffer, the NHE blocker amiloride decreased the resting pH i by 0.10 -0.42 pH units in rat cortical (Mellergård et al. 1993; Shrode and Putnam 1994) . Similar decreases in the resting pH i by amiloride were found in rat cerebellar and hippocampal astrocytes (Brune et al. 1994; Pappas and Ransom 1993; Pizzonia et al. 1996) . Amiloride abolished pH i recovery in astrocytes following NH 4 Cl pre-pulse acid loads (Bevensee et al. 1997; McLean et al. 2000; Pizzonia et al. 1996; Shrode and Putnam 1994) . However, the relative role of NHE1 in pH i regulation in cortical astrocytes is not clear due to the poor NHE1 isoform selectivity of amiloride. Thus, definitive studies are warranted to assess the role of NHE1 in pH i recovery in cortical astrocytes.
To date, a genetic ablation approach has revealed an attenuated pH i recovery in freshly isolated CA1 neurons from NHE1 gene defect slow-wave epilepsy mutant mice (Cox et al. 1997; Yao et al. 2001) . However, it is unknown how genetic ablation of NHE1 affects pH i recovery in cortical astroctyes. In the current study, both the more potent NHE1 inhibitor HOE-642 and genetic ablation approaches were taken to elucidate the function of NHE1 in mouse cortical astrocytes.
In the last decade, the results of a large body of research suggest that stimulation of NHE1 activity contributes to cardiac pathology following ischemia (Avkiran 2001; Karmazyn et al. 1999) . It has been shown that inhibition of NHE1 attenuates the detrimental consequences of myocardial ischemia and reperfusion (Avkiran 2001) . The principal mechanism underlying the cardioprotective actions of NHE1 inhibition is the attenuation of the intracellular Na + accumulation during ischemia. However, limited information is available about the effects of NHE inhibition on cerebral ischemic damage. Pretreatment of gerbils with the amiloride derivative ethylisopylamiloride (EIPA), a NHE inhibitor, significantly reduced the extent of CA1 pyramidal neuron loss following global ischemia (Phillis et al. 1999) . The NHE inhibitor SM-20220 (N-aminoiminomethyl-1-methyl-1-indole-2-carboxamide methanesulfonate) attenuated the increase in brain Na + and water contents following 2 h transient focal ischemia and 4 h reperfusion in rats (Kuribayashi et al. 1999) . But, it is unknown whether these protective effects are attributable to inhibition of NHE activity in either neurons and/or astrocytes. In addition, because these inhibitors are not isoform-specific, it is not clear how dominant a role NHE1 plays compared to the other isoforms in the CNS.
In this study, we investigated the role of NHE1 in pH i recovery and cell damage in cultured cortical astrocytes following OGD. We found that ablation of NHE1 activity decreased the resting level pH i and impaired pH i recovery. OGD stimulated NHE1 activity in NHE1 +/+ astrocytes, however, this increase in activity was absent in NHE1 -/-astrocytes and was blocked by HOE-642 in NHE1 +/+ astrocytes. Inhibition or genetic ablation of NHE1 reduced the OGDmediated rise in [Na + ] i and swelling, suggesting that the loss of NHE1 activity reduces ischemic injury in cortical astrocytes.
MATERIALS AND METHODS

Materials
Eagle's modified essential medium (EMEM) and Hanks balanced salt solution (HBSS) were from Mediatech Cellgro (Herndon, VA). Fetal bovine serum (FBS) was obtained from
Hyclone Laboratories (Logan, UT). Collagen-type I was from Collaborative Biomedical Products (Bedford, MA). The acetoxymethyl esters of 2',7'-bis(carboxyethyl)-5,6-carboxyfluorescein (BCECF-AM) and sodium-binding benzofuran isophthalate (SBFI-AM) were obtained from Molecular Probes (Eugene, OR). Pluronic acid was purchased from BASF (Ludwigshafen, Germany). Nigericin, dibutyryl cyclic AMP (dBcAMP), monensin, and gramicidin were purchased from Sigma (St. Louis, MO). HOE-642 was a kind gift from Aventis Pharma (Frankfurt, Germany).
Animals and Genotype analysis
The NHE1 null mutant (NHE1 -/-) mice used in the present study were generated as previously described (Bell et al. 1999) . We obtained NHE1 homozygous mutant and wild-type (NHE1 +/+ ) mice by breeding gene-targeted NHE1 heterozygous mutant mice. Tail biopsies were obtained from 1-day-old mice. Genotypes were determined by polymerase chain reaction (PCR) analysis of DNA from tail biopsies. For PCR analysis, three primers were included in the reaction mixture. Forward (5'-GTG ATC CCC ACC ATC TCA AG-3') and reverse (5'-CGA AGA CAA GGA TGT GTA GC-3') primers were used to amplify a 450-base pair product from the wild-type gene. For the mutant gene, a reverse primer (5'-GCA TGC TCC AGA CTG CCT TG-3') and the same forward primer were used to amplify a 330-base pair product. PCR amplification was performed as follows: 94°C for 3 min, 40 cycles of 94°C for 30 s, and 60°C
for 30 s, and 72°C for 30 s. PCR products were run and revealed on a 2% agarose gel.
Primary culture of mouse cortical astrocytes
Dissociated cortical astrocyte cultures were established as described previously (Su et al. 2002b ). Cerebral cortices were removed from 1-day-old NHE1 +/+ or NHE1 -/-mice. The cortices were incubated in a trypsin solution (0.25 mg/ml in HBSS) for 25 min at 37°C. The tissue was then mechanically triturated and filtered through nylon meshes. The dissociated cells were rinsed and resuspended in EMEM containing 10% FBS. Viable cells (1x 10 4 cells /well) were plated in 24-well plates coated with collagen type-1 or on collagen-coated glass coverslips in 6-well plates. Cultures were maintained in a 5% CO 2 atmosphere at 37 o C and refed every three days throughout the study. To obtain morphologically differentiated astrocytes, confluent cultures (10 days in culture, DIV 10) were treated with EMEM containing 0.25 mM dBcAMP to induce differentiation. dBcAMP has been widely used to mimic neuronal influences on astrocyte differentiation (Hertz 1990; Swanson et al. 1997) . Experiments were routinely performed in DIV 15-28 astrocytes. This culture age was chosen because immature astrocyte cultures are resistant to damage under ischemic conditions (Juurlink et al. 1992) .
Gel Electrophoresis and Western Blotting
Cultured cells were washed with ice-cold phosphate-buffered saline (PBS, pH 7.4), which contained 2 mM EDTA and protease inhibitors (Sun and Murali 1998). Cells were scraped from dishes and lysed by sonication at 4°C. To obtain cellular lysates, cellular debris was removed by centrifugation and protein content of the cellular lysate was determined (Sun and Murali 1999).
Samples and pre-stained molecular mass markers (Bio-Rad, Hercules, CA) were denatured in SDS reducing buffer (1:2 by volume, Bio-Rad) and heated at 37 °C for 15 min before gel electrophoresis. Thirty micrograms of lysate protein was loaded. The samples were then electrophoretically separated on 6% SDS polyacrylamide gels and the resolved proteins were electrophoretically transferred to a PVDF membrane (Sun and Murali 1998). The blots were incubated in 7.5% nonfat dry milk in Tris-buffered saline (TBS) and then incubated with a primary antibody. After rinsing, the blots were incubated with horseradish peroxidaseconjugated secondary IgG. Bound antibody was visualized using the enhanced chemiluminescence assay (ECL, Amersham Corp.). Anti-NHE1 polycolonal antibody (G116) against rat NHE1 (Kelly et al. 1997 ) was developed in Dr. Ng's laboratory (University of Leicester, UK) and used for detection of NHE1 protein in astrocytes. The same blot was probed with anti-β actin antibody as a control.
Following the ECL reaction, NHE1 protein bands on the film were scanned using a Hewlett-Packard ScanJet (4c/T) scanner. The relative molecular weight values for NHE1 protein band were obtained with UN-SCAN-It gel TM software (Silk Scientific Inc., Orem, Utah) based on the assumption that the distance traveled by the protein band is inversely proportional to the log of the molecular weight of the protein band, using Bio-Rad prestained protein standards.
Mean value was obtained from 7 experiments.
Immunofluorescence staining
Cultured cells grown on collagen type I-coated coverslips were rinsed with PBS (pH 7.4) and fixed with 4% paraformaldehyde in PBS for 20 min at room temperature. After rinsing, cells were incubated with blocking solution (10% normal goat serum, 0.4% Triton X-100, and 1% bovine serum albumin in PBS) for 1 h. Cells were then incubated with anti-GFAP monoclonal antibody (1:100) or anti-NHE1 rabbit polyclonal (G115) antibodies (1:100) in blocking solution for 1 h. Cells were rinsed with PBS and incubated with goat anti-mouse Alexa 488 or anti-rabbit Alexa 595-conjugated antibodies (1:200) for 1 h. Cell images were captured by a Nikon TE 300 inverted epifluorescence microscope (20X) using a Princeton Instruments MicroMax CCD camera and MetaMorph image-processing software (Universal Imaging Corp., Dowington, PA).
Identical digital imaging acquisition parameters were used in both negative control and experimental images.
The G115 antibody was raised in rabbit against amino acids 627-820 of the rat NHE1 sequence in Dr. Ng's laboratory (University of Leicester, UK). The antibody was purified using the same method as described previously for the G116 antibody preparation (Kelly et al. 1997) .
Measurement of pH i
Solutions: The HEPES-buffered solution contained (mM, pH 7. (Boyarsky et al. 1993) . The background-corrected data were fit with a variant of the Michaelis-Menten equation (Boyarsky et al. 1993 Normoxic control cells were incubated in 5% CO 2 and atmospheric air in isotonic control buffer containing 5.5 mM glucose with the rest of the components in the buffer identical to the isotonic OGD solution.
Intracellular Na + measurement
Cultured astrocytes grown on coverslips were loaded with 10 µM SBFI-AM in HCO 3 --free HEPES-buffered solution containing 0.05% pluronic acid for 45 min at room temperature As an estimate of relative cell volume changes, relative cross-sectional areas (CSAr)
were monitored before and during OGD using video-enhanced differential interference contrast (DIC) microscopy, as reported previously (Su et. al., 2002a; Su et. al., 2002b) . A single astrocyte was visualized using a Nikon 60X Plan Fluor DIC objective lens and an image recorded. The mean cross-sectional area (CSA) was calculated after tracing the perimeter of the cell body in triplicate with MetaMorph image-processing software as described in our previous study (Su et al. 2002a) .
Statistics
In statistical analysis, n values refer to the number of coverslips in each experimental condition for Figures 2-5 and 7. Significant differences were determined using the ANOVA with the Bonferroni post-hoc test for multiple comparisons. Data were considered significant if it reached 95% confidence level.
RESULTS
NHE1 expression in cortical astrocytes
The genotype of newborn mice was determined by PCR. As shown in Figure 1A 
A decrease in the resting pH i of NHE1 -/-astrocytes
The pH i frequency distribution in NHE1 +/+ astrocytes ranged from 6.5 to 7.2 (Figure 2 ).
The mean steady-state pH i in NHE1 +/+ astrocytes was 6.86 ± 0.03 in the presence of a HEPESbuffered solution (pH=7.4, CO 2 /HCO 3 --free). This is in agreement with previous reports by others that astrocytes have a resting level pH i below neutral under HCO 3 --free conditions (Bevensee et al. 1997; Boyarsky et al. 1993; McLean et al. 2000; Pappas and Ransom 1993; Pizzonia et al. 1996) . However, the pH i in NHE1 -/-cells had a larger range (6.04 to 6.84) and was not normally distributed (Kolmogorov-Smirnov normality test, p < 0.05). The mean steadystate pH i in NHE1 -/-astrocytes was significantly lower (6.53 ± 0.04, p < 0.01). In the presence of CO 2 /HCO 3 -, the mean steady-state pH i in NHE1 -/-astrocytes was increased relative to that observed in HEPES-buffered solution, but remained significantly lower than in NHE1 +/+ astrocytes (6.80 ± 0.02 vs. 7.00 ± 0.02, n=6, 2 cultures, p < 0.001).
To further examine the role of NHE1 in the maintenance of resting pH i in astrocytes, pH i was monitored in NHE1 +/+ and NHE1 -/-astrocytes in a Na + -free HEPES-buffered solution ( Figure 3A) . In the absence of Na + , the pH i of NHE1 +/+ astrocytes progressively decreased ( Figure 3A, a-b) . The average decrease in pH i was 0.28 ± 0.05 pH units (arrow in Figure 3A , inset). When the NHE1 +/+ astrocytes were returned to the HEPES-buffered solution, they rapidly recovered to a normal basal pH i ( Figure 3A, b-c) . In response to Na + -free/ HEPESbuffered solution, the resting pH i of NHE1 -/-astrocytes further decreased by 0.13 ± 0.02 pH units (arrow in Figure 3A , inset). The possible mechanisms for this decrease are discussed later (see Discussion). Figure 3B shows that exposing NHE1 +/+ astrocytes to 1 µM HOE-642 caused pH i to decrease progressively, resulting in a total reduction of 0.19 ± 0.06 pH units (p < 0.01). The effects of HOE-642 on NHE1 +/+ astrocytes were reversible; because pH i returned to basal levels when HOE-642 was removed ( Figure 3B, b-c) . In contrast, HOE-642 had no effects on the resting pH i of NHE1 -/-astrocytes.
Impaired pH i recovery in NHE1 -/-astrocytes
We then studied how NHE1 -/-astrocytes regulate pH i following intracellular acidosis using the NH 4 + -prepulse technique. As shown in Figure 4A , when either NHE1 +/+ or NHE1 -/-astrocytes were exposed to 10 mM NH 3 /NH 4 + , pH i rapidly rose as NH 3 diffused into the cell and recovery in the absence of Na + , and no further decrease in pH i (0.02 ± 0.02 pH units/min at a pH i of 6.09 ± 0.14, Figure 5A ). NH 3 /NH 4 pre-pulse led to a significantly more acidification in NHE1 -/-astrocytes than in NHE1 +/+ astroctyes in the absence of extracellular Na + (p < 0.05). pH i recovered when NHE1 +/+ cells were returned to the control conditions ( Figure 5A , e-f).
However, there was only a slow recovery of pH i in NHE1 -/-astrocytes ( Figure 5A , e-f).
As shown in Figure 5B , inhibition of NHE1 activity with the potent NHE1 blocker HOE- We then measured NHE1 activity in NHE1 +/+ and NHE1 -/-astrocytes under both normoxic and OGD conditions. As shown in Figure 6B , in normoxia-treated NHE1 and 0.01 ± 0.01 at pH i 6.14 ± 0.05, respectively). These findings indicate that OGD treatment stimulates NHE1 activity and NHE1 plays an important role in pH i recovery following OGD. Figure 6C shows that 2 h OGD at pH o 6.6 did not block the increase in pH i recovery rate in NHE1 +/+ astroctyes (0.56 ± 0.05 pH unit/min at a pH i of 6.33 ± 0.0.14, p < 0.05). To further establish that NHE1 was responsible for the accelerated pH i recovery during reoxygenation, we then examined whether HOE-642 would block pH i recovery in NHE1 +/+ astrocytes. Astrocytes underwent 2 h OGD at pH o 6.6 in the presence of 1 µM HOE-642. pH i recovery was abolished by HOE-642, with a pH i recovery rate of 0.04 ± 0.01 pH unit/min at a pH i of 6.22 ± 0.11 ( Figure   6C ). This indicates that NHE1 activity remains stimulated by low pH i , even under conditions that would be expected to cause low pH o -mediated inhibition. Figure 7C , Na + accumulation was significantly lowered in NHE1 -/-astrocytes or NHE1 +/+ astrocytes-treated with HOE-642. Thus, these results are in agreement with the Na + accumulation data determined in the absence of bicarbonate (Figures 7A & B) . This implies that Na + -HCO 3 -cotransport systems contribute little to intracellular Na + loading following OGD.
An increase in [Na
NHE1 -/-astrocytes exhibited resistance to OGD-mediated swelling
Accumulation of intracellular Na + leads to astrocyte swelling. CSAr was measured as an estimate of cell swelling during OGD in NHE1 +/+ and NHE1 -/-astrocytes. In control experiments, 100 min of perfusion with iso-HEPES did not cause any significant changes in NHE1 +/+ astrocytes. After 60 min, CSAr increased by 26 ± 2% in NHE1 +/+ astrocytes (Figure 8 A & B). In contrast, treatment with 1 µM HOE-642 significantly attenuated the OGD-induced rise in CSAr in NHE1 +/+ astrocytes (9 ± 2%, Figure 8B ). In a similar manner, NHE1
-/-astrocytes exhibited only an 8 ± 2% increase in CSAr following 60 min OGD ( Figure 8A & B) .
DISCUSSION
Dominant role of NHE1 in pH i regulation in cortical astrocytes
Resting pH i in NHE1 -/-astrocytes
In this study, we found that the resting pH i in NHE1 +/+ astrocytes was 6.86 and it was decreased following removal of Na + or by application of the potent NHE1 inhibitor HOE-642. (Scholz et al. 1995) . Thus, it is likely that in NHE1 -/-astrocytes other NHEs may be upregulated to compensate for the loss of NHE1 activity.
It is known that NHE1 activity is stimulated in a dose-dependent manner below pH i of 6.7 in astrocytes (McLean et al. 2000 ). In the current study, we found that pH i recovery was persistently impaired in NHE1 -/-astrocytes under pH i of 6.10, compared to pH i of 6.36 in NHE1 +/+ astrocytes ( Figure 5 ). However, the sensitivity of BCECF, as determined by the ratio of the change in BCECF fluorescence with changes in pH i (∆F BCECF / ∆pH) decreases at low pH i .
In a pilot study, we found that in NHE1 +/+ astrocytes at pH i 6.15, ∆F BCECF / ∆pH was ~25% of the maximum response we observed at pH i 7.25. In the current study, pH i in NHE1 -/-astrocytes decreased to 6.10 following NH 4 Cl pulse ( Figure 5) . Thus, the lack of pH i recovery in NHE1 -/-astrocytes could in part be due to an insensitivity of BCECF at low pH i.
Protective effects of NHE1 inhibition in astrocytes
Little is known about the role of NHEs in ischemic damage in astrocytes. In this study, and reperfusion was observed in NHE1 +/+ astrocytes (2.7 times normal) when NHE1 activity was inhibited by HOE-642. The data suggest that NHE1 activity in astrocytes plays an important role in Na + loading during reoxygenation. Furthermore, OGD-mediated swelling was significantly reduced when NHE1 activity was eliminated by genetic ablation or inhibited by HOE-642.
However, blockade of NHE1 activity by HOE-642 only attenuated the Na + loading by ~60%. The mechanisms responsible for the remaining Na + influx in astrocytes are unknown.
Several other Na + transport proteins could play a role in this Na + loading, such as the Na + channels, Na + /HCO 3 -cotransporters, or the Na-K-2Cl cotransporter. The Na-K-2Cl
cotransporter activity is stimulated in neurons (Beck et al. 2003) and astrocytes (Lenart et al.
unpublished data) under OGD conditions. In addition, inhibition of Na/K-ATPase activity may also contribute to the Na + accumulation.
Our data provide strong evidence that inhibition of NHE1 is partially protective against OGD-mediated damage in astrocytes. The cellular mechanisms underlying the role of NHE1 in ischemic astrocyte damage are not well understood. We demonstrated that NHE1 activity is stimulated during OGD and early reoxygenation. NHE1 triggers an acute accumulation of intracellular Na + and swelling following OGD. A rise in [Na + ] i and reduction in the transmembrane Na + gradient can worsen the energy state and exacerbate cell damage during ischemia. This view is supported by the report that 10 µM HOE-642 prevented a significant reduction of PCr/Cr in C6 glioma cells following hypoxia (Glunde et al. 2002) . It has been suggested that astrocyte death is related to the extent of Na + influx under conditions where Na + -K + -ATPase activity is not maintained (Takahashi et al. 2000) . Thus, the Na + overload mechanism is likely the primary means whereby NHE1 contributes to ischemic astrocyte damage.
In addition, a rise in [Na + ] i could reduce Ca ++ extrusion and/or reverse Na + /Ca ++ exchange and lead to accumulation of intracellular Ca ++ (Stys et al. 1992 A. NHE1 +/+ or NHE1 -/-astrocytes were exposed to 2 h OGD in the presence of HCO 3 -buffer.
The mean pH i in these cells was then determined at 2 min reoxygenation in CO 2 /HCO 3 --free HEPES-buffered solution (pH 7.4). It should be noted that 2 min may not be long enough for some cells to reach complete equilibration between the CO 2 /HCO 3 --buffered OGD buffer and the HEPES-buffer. Inset: OGD incubation was carried out at pH o 6.6 by increasing the CO 2 in the incubator to 20% in NHE1 +/+ astrocytes. The mean pH i at 2 min reoxygenation at pH o 7.4 was then determined. In the HOE studies, 1 µM HOE-642 was present during OGD and reoxygenation. Data are expressed as mean ± S.E.M. (n=3-7). * p < 0.05 vs. NHE1 +/+ control, # OGD (pH o 6.6). 
